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ABSTRACT
Combating Fungal Pathogens (Helminthosporium solani, Pythium ultimum) with Secondary
Metabolites of Streptomyces Bacteria
Erik W. Kemp
Department of Plant and Wildlife Sciences, BYU
Master of Science
Fungal diseases, Pythium ultimum (Pythium leak) and Helminthosporium solani (silver
scurf) have detrimental effects on potato tuber (Solanum tuberosum) quality and yield. Tubers are
the world's fourth largest agricultural food crop and are crucial for feeding a growing population.
Bacteria from the genus Streptomyces are known for producing a wide variety of secondary
metabolites with antifungal properties. Isolates of Streptomyces have recently shown inhibitory
effects towards P. ultimum and H. solani in Petri dish assays. These data suggest that Streptomyces
may work as a biocontrol to protect tubers from P. ultimum and H. solani. We tested talc-based
powder formulas for their ability to maintain viable Streptomyces spores in storage. The formula
that maintained spores the longest was then used to coat varying Streptomyces isolates onto a tuber
surface that contained, or would be exposed to P. ultimum and H. solani. Tests were conducted in a
lab, greenhouse, and field setting. We found a powder formula that kept 50% of the added
Streptomyces spores viable for a period of three to six months depending on the isolate. Isolates
with inhibitory effects towards H. solani were applied as a powder on seed tubers infected with H.
solani and grown in a greenhouse. Upon completion of the experiment, we found that progeny
tubers from neither the treatment nor the control groups contained H. solani. Instead, we found a
similar surface pathogen, Colletotrichum coccodes (Black dot), on many of the progeny tubers.
While not the target pathogen of this study, some isolates significantly limited C. coccodes
compared to the control. This experiment was repeated in a field setting where C. coccodes was
again the primary disease found on the progeny tubers. In the field, isolates showed no inhibitory
effect towards C. coccodes. Isolates with inhibitory effects towards P. ultimum were applied as a
powder onto wounded tubers. One hour later the tubers were exposed to P. ultimum. Isolates did
not limit P. ultimum compared to the control after a week of incubation. A follow up experiment
revealed that the Streptomyces isolate used needed at least 24 hours of growth to produce
antifungal secondary metabolites. Our data suggest that Streptomyces bacteria can easily be stored
in a powder and that there are beneficial effects as a biocontrol against C. coccodes. Our data also
suggest that timing Streptomyces application for maximum secondary metabolite production may
improve its efficacy as a biocontrol.
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Combating Fungal Pathogens (Helminthosporium solani, Pythium ultimum) with Secondary
Metabolites of Streptomyces Bacteria
Erik W. Kemp, Brad D. Geary, Matthew D. Madsen, Christopher R. Clarke, Ryan J. Stewart,
Benjamin W. Hoose, Dennis L. Eggett
Department of Plant & Wildlife Sciences, Brigham Young University, Provo, UT
INTRODUCTION
CHAPTER 1
Potato tubers are a fast-growing and high-yielding food crop. In 2018, an estimated 368
million tonnes of tubers were produced worldwide (FAOStat 2018). The world needs to increase
the production of tubers and other food crops by about 60% to meet the needs of its growing
population (FAOStat 2018). As the world’s fourth-largest food crop, tuber production is crucial
to meeting these demands (FAOStat 2018). However, tuber pathogens limit yields and have
financial repercussions for both the producer and consumer. To combat the detrimental effects of
pathogens, many farmers use fungicide treatments. While originally very effective, natural
mutations and cross breeding in fungal plant pathogen populations allow some strains to become
resistant to treatments, a characteristic which has been found to be hereditary (Morton & Staub
2008). After a number of generations, the pathogen will no longer be affected by the fungicide,
making the pathogen harder to control. Two such pathogens are Helminthosporium solani and
Pythium ultimum.
Helminthosporium solani is a blemish disease that causes a metallic discoloration on the
outside of the tuber. Although still safe to eat, research indicates that consumers have a low
tolerance for unsightly tubers in the market place (Secor & Gudmestad 1999). Infected tubers
intended for direct consumption have been rejected by the potato industry, making blemish
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diseases a source of great concern around the globe (Errampalli et al. 2001). Aside from being a
cosmetic disease, H. solani has also been shown to cause up to 13% yield reduction in storage
from water loss in the infected areas (Geary et al. 2007). H. solani is often introduced into a field
from infected seed tubers and can persist by surviving on decaying organic matter. Primary
infection of tubers occurs during growth as the disease is passed from seed tuber to the progeny
tubers, and secondary infection occurs when tubers are in close proximity to each other in
storage. In the 20th century, damage caused by H. solani grew into a consequential problem when
isolates became significantly resistant to fungicide treatments (Errampalli et al. 2001).
H. solani shares the same ecological niche as another pathogen, C. coccodes, which has
similar impacts on the tuber industry. Colletotrichum coccodes is like H. solani in that it
occupies the tuber surface and both are often mistaken for the other. To further complicate the
situation, both pathogens are known to persist on a tuber surface at the same time. While not the
focus of this study, C. coccodes will likely be encountered.
Pythium ultimum is an oomycete which has detrimental effects on tubers in storage and in
the field. This pathogen enters tubers through wounds that often occur during the planting and
harvesting processes. Pythium ultimum causes a soft rot in tubers referred to as Pythium leak
where the interior becomes spongy and leaks water, making the tuber unusable. Post-harvest the
pathogen will continue to spread in cold storage. Not only does P. ultimum cause direct yield loss
through rotting the inside of the tuber, but it can also cause a reduction in plant height and root
length (Kuznetsova et al. 2018).
Producers have typically used thiabendazol, a common post-harvest fungicide, for
treating H. solani. In the past, applications generally limited H. solani tuber damage (Cayley et
al. 1979). Continued use of thiabendazol has led to resistant strains capable of surviving on
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treated tubers (Platt 1997). Metalaxyl-M is a fungicide used for the control of P. ultimum.
However, similar to H. solani, isolates resistant to the fungicide are being found on potato farms
(Porter et al. 2009). A widely-used approach to control P. ultimum involves harvesting in dry,
cool weather and lowering storage temperatures (Lui & Kushalappa 2003). However, waiting for
optimal weather conditions may not come until long after the desired harvest time.
Biocontrols are the use of an organism to control a pest, and many commercial products
are currently in use today. Biocontrols have the potential to be the future of pest management for
their benefits over traditional fungicides. Benefits of biocontrols include cheaper production
costs, protection over multiple years, easy application, and perhaps most importantly, they are
non-toxic to the plant and environmentally friendly (Sharma et al. 2013).
Streptomyces bacteria have potential to be used as a biocontrol to treat fungal diseases
caused by H. solani, P. ultimum and possibly C. coccodes. Streptomyces are gram-positive
filamentous bacteria, which have been proven to produce secondary metabolites with antifungal
properties (Iznaga et al. 2004). Many isolates of Streptomyces have been tested in-vitro and
demonstrated the ability to reduce fungal growth on an agar surface (Crawford et al. 1993;
Taylor 2020). Streptomyces bacteria occur naturally in the soil making them an ideal biocontrol
candidate for tuber pathogens. The Streptomyces bacteria in our study were isolated directly from
tuber surfaces which tells us that they can survive at the site of infection.
Streptomyces spores will be the inoculum used in this study. Streptomyces bacteria are
most commonly grown in a flask with liquid media or on a Petri dish containing solid agar, after
which the spores can be harvested. Reliable storage of spores past eight weeks often requires
storing them as glycerol stocks in freezers capable of reaching -80°C (Shepard 2010). As a
biocontrol for an agricultural crop, these conditions will most likely be unachievable in field
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settings where they would be stored. An alternative to glycerol stocks is storing the spores in a
powder formula where they have been shown to keep over 50% of the spores viable up to 180
days (Tamreihao et al. 2016). Powders also require minimal specialized equipment to apply to
seed pieces. A recent study showed the ability of a powder-based isolate of Streptomyces to
inhibit damping off (Rhizoctonia solani) of tomato (Solanum lycopersicum) plants (Zamoum et
al. 2017).
A study conducted in our lab tested 82 isolates of Streptomyces for their ability to inhibit
H. solani and P. ultimum in-vitro as shown in Table 1 (Taylor 2020). Top isolates showed the
ability to inhibit P. ultimum growth up to 82% and H. solani growth up to 65%. The objective of
our research was to (1) find a powder formula, which maintains viable Streptomyces spores; (2)
measure the long-term viability of Streptomyces spores in the powder formula; and (3) test the
powder formula containing spores of the most inhibiting Streptomyces isolates for biocontrol
abilities against H. solani and P. ultimum on a tuber surface in greenhouse and field studies.

METHODS & MATERIALS
Powder Formula Viability Trials
Two powder formulas, which were previously shown to maintain viable bacterial spores
of genera Bacillus (Martinez-Alvarez et al. 2016) and Pseudomonas (Kloepper & Schroth 1981)
in storage, were tested for the same ability with Streptomyces. The first formula (CMC) used talc
as a carrier with carboxy-methyl-cellulose (CMC; 1% w/w), CaCO3 (15% w/w), and glucose
(0.25% w/w) (Martinez-Alvarez et al. 2016). The second formula (Xantham) used talc as a
carrier with xanthan gum (20 % w/w) (Kloepper & Schroth 1981). Streptomyces isolate ID-0547C was used to test spore viability in a powder because of its ability to inhibit both H. solani
4

and P. ultimum (Table 1). Healthy colonies of ID05-47C were sub-cultured onto the surface of
six (92 mm x 16 mm) Petri dishes containing oat agar consisting of ground oats (0.4% w/w) and
bacterial agar (0.2% w/w). Spores were streaked vertically and horizontally to maximize
production on each Petri dish. The Petri dishes were then stored in a dark incubator at 27°C for
ten days. During this growth period, 260g of both the CMC and Xantham formulas were mixed
and autoclaved for sterilization.
Following ten days of growth, spores were harvested by scraping the surface of the agar
with a plastic slide cover and placing the spores into a centrifuge tube. Next, 50 ml of autoclaved
distilled H2O were added. The tube was vortexed for 30 seconds to disperse the spores in the
solution after which spores were quantified using a hemocytometer. The solution was diluted to a
concentration of 4,826,000 spores/ml. Next, 50 ml of solution were added to each of the CMC
and Xantham formulas. An additional 100 ml of autoclaved H2O was added to each mixture and
stirred to a uniform consistency with a sterile glass rod to evenly mix the spores and powders.
The mixture was poured onto a 250 mm by 400 mm sheet of aluminum foil and set in a dryer at
46°C for 24 hours. Following the 24-hour drying period, the mixture became brittle and could
easily be peeled away from the aluminum foil. The pieces were crushed with a mortar and pestle
and ran through a 250 µm sieve to achieve a fine powder. The refined powders of each formula
were mixed thoroughly and stored in plastic bags at 23°C until use.
After 60 days, the powders were tested for viable Streptomyces colony forming units
(CFU). This was done by taking 0.1 g of each powder and adding it to ten ml of autoclaved H2O
to make the first dilution. One ml of the first dilution was then added to nine ml of autoclaved
H2O to make the second dilution. This process was repeated to 106. One hundred µl of each
dilution were added to ten 92 mm x 16 mm Petri dishes containing oat agar and spread in a
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circular motion with a glass rod. All procedures were done in a sterile manner. After four days of
growth, Petri dishes were assessed. The dilution that contained high CFU counts while
maintaining distinguishable colonies was counted. ANOVA analysis with a Post Hawk-Tukey
adjusted pairwise test was used to compare mean CFU counts. The level of significance was set
at P<0.05.
The CMC powder mixture was then used to test three Streptomyces isolates (NE06-04A,
NY06-09D, ON07-05A) previously shown to inhibit P. ultimum and H. solani on oat Petri dishes
(Table 1) for storage survivability over a period of 180 days. Powders were prepared, assessed,
and dilutions were made as they were in the Powder Formula Viability Trials CMC powder with
the exception that each isolate was sub-cultured onto five (150 mm x 20 mm) rather than six (92
mm x 16 mm) Petri dishes for greater spore production. The dilution of each isolate which
contained high CFU counts while maintaining distinguishable colonies was measured and made
again every 30 days for 180 days.
We modeled bacterial spore viability of the NE06-04A, NY06-09D, and ON07-05A
isolates over time by fitting a joint three-parameter log-logistic dose-response curve with a
Poisson distribution (Ritz et al. 2015). Specifically, we used the model to estimate the amount of
time yielding a 50% reduction in the average number of viable bacterial spores (effective dose or
ED50) for each isolate relative to its respective control (Ritz et al. 2019). Under this model, the
control for each isolate is defined as the respective parameter estimate corresponding to the
maximum viable count (Ritz et al. 2019). It was implicitly assumed that viable spore counts
would reach zero given enough time. We tested for over dispersion by plotting average counts
against the squared empirical standard deviations (Ritz et al. 2019). Based on the plot, we
determined it was not necessary to adjust for over dispersion. We performed pairwise
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comparisons between estimates using the Bonferroni adjustment. We fit the curve using the
‘drm’ function of the ‘drc’ package (Ritz et al. 2015) in the R statistical environment (R Core
Team 2021). The level of significance was set to P<0.05.
Pythium Tuber-Rot Bioassay
Nine Streptomyces isolates (ID05-47C, DE06-01C, TX06-03A, ID06-15, MD13-6B,
NY06-09D, NE06-04A, WI03-5, and ME02-6979A) with high mean inhibition against P.
ultimum on oat Petri dishes (Table 1) were selected as treatments to test P. ultimum inhibition on
a tuber. These isolates were prepared the same way as the Powder Formula Viability Trials CMC
powder with the exception that each isolate was sub cultured onto five (150 mm x 20 mm) rather
than six (92 mm x 16 mm) Petri dishes, for increased spore production. Powders were then
diluted to a concentration of 6,540,000 spores/g of powder.
Concurrent with the Streptomyces spore production, cork borer plugs of 0.8 cm in
diameter were taken from the edge of actively growing fungal cultures of P. ultimum and placed
onto ten (92 mm x 16 mm) Petri dishes containing oat agar. Petri dishes were stored in a dark
incubator at 27°C for two days.
Yukon gold tubers were rinsed in warm water, allowed to dry for 20 min, and wounded
by removing a plug 0.8 cm in diameter at a depth of 0.5 cm from the tuber surface with a cork
borer. After wounding, tubers were placed into sterile plastic bags in groups of 16. Twenty
grams, the amount determined to be enough to cover 16 tubers, of each Streptomyces powder
treatment was added to the bags and shaken for one minute until all wounds and tuber surfaces
were sufficiently covered with powder. One hour after application of the powder treatments, a
cork borer plug was taken from the edge of the actively growing P. ultimum and placed directly
in the wound. Control treatments of wound plus Pythium plug, wound plus Streptomyces-fee
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CMC powder plus Pythium plug, wound without Pythium plug, and wound plus Streptomycesfee CMC powder without Pythium plug were also prepared. Tubers were individually bagged
and stored in a dark incubator at 22°C for one week. After seven days, tubers were cut in half
and assessed for P. ultimum disease. The experiment was repeated a second time one week after
it was first performed. ANOVA analysis with Post Hawk-Tukey adjusted pairwise test was used
to compare mean percent rot. The level of significance was set at P<0.005 to account for the
Bonferroni adjustment.
Greenhouse Bioassay Trials
Ten Streptomyces isolates (ON07-05A, NE06-04A, ID06-12A, NY06-09D, MI06-06C,
ID05-47C, ID05-37A, ME02 6987-2B, ID06-15, and ME02-6986B) that had high mean
inhibition against H. solani on oat Petri dishes (Table 1) were selected as treatments to test H.
solani inhibition in a greenhouse setting. These isolates were prepared the same way as the
Powder Formula Viability Trials CMC powder with the exception that each isolate was sub
cultured onto five (150 mm x 20 mm) rather than six (92 mm x 16 mm) Petri dishes for increased
spore production. Powders were diluted to a concentration of 1,500,000 spores/g of powder.
Concurrent with Streptomyces spore production, 160 kg of 50:50 sand-soil mixture was
steam treated for sterilization at a temperature of 82°C for 30 min, stored for two days, and
treated a second time. Seed tubers of the variety Dark Red Norland containing ~50% surface
infection of H. solani were selected for this study. Seed tubers were cut so that seed pieces
contained ~50% H. solani infection.
Pots (20 x 20 cm) were soaked in bleach for one week for sterilization, rinsed and filled
2/3 full with the sterilized sand/soil mixture. Ten pots of each treatment were prepared along
with controls of tubers covered in Streptomyces free CMC powder and tubers without treatment.
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Tubers were coated with ~1.4 g of powder, and ~18.6 g of powder was mixed into the soil.
Tubers were planted, and pots were topped off with soil until full, leaving the tubers 10 cm
below the surface. Tubers were planted on 17th February, 2021 and grown in a greenhouse with
temperatures set at 27°C during the day and 10°C at night. Shoot height was recorded at 30 days
on 18th March, 2021. Tubers grew for 94 days and were harvested on 21st May, 2021. At harvest,
tubers were cleaned, counted, weighed, and assessed for H. solani infection and scabbing. The
tubers were then stored at 4°C for 45 days and then reassessed for H. solani infection. Infection
was evaluated as a percentage of the skin surface exhibiting disease. This experiment was
repeated a second time (06/06/2021-09/29/2021) with the exception that uninfected seed tubers
were used due to unavailability of H. solani-infected tubers. ANOVA analysis with post-hoc
Tukey adjusted pairwise test was used to compare 30-day shoot height, tubers per pot, tuber
weight, H. solani infection, and scabbing infection since some isolates of Streptomyces have
shown to cause tuber blemishes (Takeuchi et al. 1996). The level of significance was set at
P<0.005 to account for the Bonferroni adjustment.
Field Trials
Five Streptomyces isolates (NY06-09D, ON07-05A, NE06-04A, ID06-12A, and ID0547C) with high mean inhibition against H. solani and P. ultimum on oat Petri dishes (Table 1)
were selected to test H. solani and P. ultimum inhibition in a field study. The spores of each
isolate were mixed with a talc powder and prepared the same way as the Powder Formula
Viability Trials CMC powder with the exception that each isolate was sub cultured on ten (150
mm x 20 mm) rather than six (92 mm x 16 mm) Petri dishes for increased spore production.
Treatments were diluted to a concentration of 2,500,000 spores/g of powder with the exception
of ON07-05A, which was diluted to 1,700,000 spores/g of talc powder due to lower spore
9

production on Petri dishes. Control treatments of a blank CMC powder mixture as well as a
grower seed treatment, Maxim MZ fungicide (Syngenta, Basel Switzerland), were also prepared.
There were a total of five treatments; 1. ON07-05A, 2. ID05-47C, 3. equal spore combination of
ID06-12A, NE06-04A, and NY06-09 days, 4. Control-no treatment, and 5. Maxim MZ fungicide
treatment.
Dark Red Norland tubers were rinsed with warm water and sliced in half to make 520,
56-70.5 g seed tubers for each treatment. Seed tubers infected with H. solani were unavailable so
tubers with little to no disease symptoms were used. Seed tubers were placed into a large plastic
bin, covered with 840 g of treatment, and shaken to ensure seed tubers were evenly coated.
Tubers were stored in sterilized 19-L containers at 23°C until planting.
Treated seed tubers were planted at Miller Research farm near Rupert, ID. Treatment
plots were arranged in a randomized complete block design with four blocks per treatment.
Blocks consisted of four rows 9.1 m long with 1 m between rows, each row receiving 130 tubers.
Tubers were watered and fertilized in a manner consistent with commercial tuber production.
Seed tubers were planted on 20th April, 2021, and first emergence occurred on 14th May, 2021.
Plants were vine killed 10th August, 2021 and harvested 2nd September, 2021. The center two
rows of each block were collected and weighed. Approximately 23 kg (25-30% of total weight of
data rows) were collected and evaluated for disease severity within four days of harvest. Disease
severity ratings were based on the percentage of tuber skin showing disease symptoms. Tuber
emergence, stem rot, weight, and disease were assessed with a mixed-model analysis with a
block plot. The level of significance was set at P<0.05.
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Maximum Inhibition Trials
A cork borer plug of 0.8 cm in diameter was taken from an active fungal culture of P.
ultimum and placed on the edge of a (92 mm x 16 mm) Petri dish containing oat agar and stored
in a dark incubator at 25°C. Every three days before the P. ultimum reached the perimeter of the
Petri dish, a 0.8 cm plug was taken from the outside edge of growth and sub cultured onto fresh
oat Petri dishes in the same manner as before. This process was repeated throughout the
experiment to ensure availability of actively-growing P. ultimum.
Streptomyces isolate DE06-01C was selected for this study because it had high mean
inhibition of P. ultimum on oat Petri dishes (Taylor 2020; Table 1). Once P. ultimum was made
available, a healthy colony of isolate DE06-01C was selected for spore harvest. Petri dishes (92
mm x 16 mm) containing oat agar were prepared by marking a line down the center of the Petri
dish as well as a mark 30 mm beyond the center on each side. Marks were made on the bottom of
the dish to maintain a sterile environment. An inoculation loop was used to collect spores from
the healthy Streptomyces colony by gently rubbing the surface of the bacteria. The loop was then
streaked twice down the center line of a new Petri dish containing oat agar. This process was
repeated for 80 Petri dishes.
Following Petri dish inoculations with Streptomyces, five Petri dishes were taken and
inoculated with P. ultimum by taking cork borer plugs of 0.8 cm in diameter from the edge of
actively-growing P. ultimum and placing one on each of the marks 30 mm on each side of the
center line where the Streptomyces was growing. A time-series trial was established by taking
five more Streptomyces inoculated Petri dishes each day and adding Pythium to them, each
having an extra day of Streptomyces growth than the Petri dishes before them. Zones of
inhibition were measured three days following Pythium inoculation. The process was repeated
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for 16 days. All Petri dishes were stored in a dark incubator at 27°C. We fit a model with
different slopes and intercepts for two time periods, 0-8 and 9-16 days. The level of significance
was set at P<0.05.
RESULTS
Powder Formula Viability Trials
Colony-forming units were easily counted at 104 for the ID05-47C isolate. The CMC
powder mixture had a mean of 13.9 x 104 CFU per g while the Xantham powder contained a
mean of 5.7 x 104 CFU per g. The CMC mixture had a higher colony count by 82,000 colonies
per g of powder. The CMC formula maintained significantly more viable Streptomyces spores
after 60 days in storage than the Xantham formula (F=13.66, df=18, P=0.0017).
Colony forming units were easily counted at 103 for isolates NE06-04A and NY06-09D
and 102 for ON07-05A. The estimated amount of time yielding a 50% reduction in the average
number of viable bacterial spores (ED50) of the NE06-04A, NY06-09D, and ON07-05A
isolates was 179.4 ± 5.7 days, 119.0 ± 9.5 days, and 93.5 ± 7.0 days, respectively. The ED50 for
NE06-04A was 60.5 ± 11.1 days (P < 0.001) and 85.9 ± 9.0 days (P < 0.001) greater than NY0609D and ON07-05A, respectively. The ED50 for NY06-09D and ON07-05A were not
significantly different (P = 0.094).
Pythium Tuber-Rot Bioassay
Control treatments of wound without Pythium plug and wound plus Streptomyces-free
CMC powder without Pythium plug did not rot in trial 1 nor in trial 2 of this study. All
treatments containing the Pythium plug had notable rot by the seventh day with the exception of
two tubers in the first trial and four in the second that unintentionally did not receive a Pythium
plug or had the plug fall out. In trial 1, treatment of wound plus Streptomyces-free CMC powder
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had the lowest mean rot at 43% and treatment ID06-15 had the highest mean rot at 62%. Trial 1
yielded no significant differences between treatments that received a Pythium plug (F=1.10,
df=163, P=0.3675). In trial 2, treatment WI03-5B had the lowest mean rot at 51% and ME026479A had the highest mean rot at 68%. Likewise, trial 2 yielded no significant differences
between treatments which received a Pythium plug (F=0.73, df=159 P=0.6979).
Greenhouse Bioassay Trials
In trial 1, treatments WI03-5B, AK04-03B, the Control with Streptomyces free CMC
powder, and the Control without powder each had one pot while treatment ID06-12A had two
pots that showed no growth after 30 days and never germinated. Isolate ID06-12A had the
highest mean shoot height at 7.95 cm and the Control without powder had the lowest at 2.74 cm.
Trial 1 produced no significant differences at 30 days in shoot height based upon treatment after
the Bonferroni adjustment (F=2.78, df=108 P=0.0032). In trial 2, treatments NY06-09D, ON0705A, AK04-03B, and the Control without powder had one pot; treatment ID01-15D had two
pots; treatments TX06-03A and ID06-12A had four pots; and treatment NE06-04A had six pots
that showed no growth after 30 days and never germinated. Isolate ME02-6986B had the highest
mean shoot height at 36.59 cm, and isolate NE06-04A had the lowest mean shoot height at 14.11
cm. Trial 2 also showed no significant differences in shoot height at 30 days after the Bonferroni
adjustment ( F=2.77, df=108, P=0.0033).
At harvest for trial 1, the control with Streptomyces-free CMC powder had the highest
mean number of tubers per pot at 5.2, and MD13-6B had the lowest at 2.6. Trial 1 did not yield
any differences in the mean number of tubers per pot (F=1.65, df=104, P=0.0968). In trial 2,
WI03-5B yielded the highest mean number of tubers per pot at 9.3, and NE06-04A and NY06-
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09D yielded the lowest at 4.4. Trial 2 did not contain significant differences in mean number of
tubers per pot (F=1.50, df=108, P=0.14).
At harvest for trial 1, the Control without powder yielded the highest mean total tuber
weight per pot at 0.15 kg, and ID06-12A yielded the lowest mean weight at 0.10kg. Trial 1 did
not yield any differences in mean total tuber weight per pot (F=0.79, df=104 P=0.6525). In trial
2, ME02-6986B yielded the highest mean tuber weight per pot at 0.22 kg, and NE06-04A
yielded the lowest mean weight at 0.08 kg. Trial 2 did not contain significant differences
between trials after the Bonferroni adjustment (F=3.11, df=108, P=0.0011).
There were significant differences between treatments for Scab infection in trial 1
(F=11.38, df=100, P=<.0001). Treatment TX06-03A contained significantly more scab than all
other treatments (P=<.0001). Trial 2 had no significant differences in scab based upon treatment
(F=1.04, df=88 P=0.4220).
Upon inspection at harvest, the majority of tubers contained a brownish discoloration on
the surface which was identified as C. coccodes. Trial 1 had significant differences in C.
coccodes infection among treatments at harvest (F=4.40, df=100, P=<.0001). Isolate ON07-05A
had significantly less infection than NE06-04A (P=0.0037) and the Control without powder
(P=0.0029). After 45 days of storage there was no significant difference in infection rates
between treatments in trial 1 (F=2.43, df=100, P=0.0100). In addition, tubers from trial 2 were
also infected with C. coccodes. At harvest for trial 2, there were no significant differences in C.
coccodes infection between treatments at the time of harvest (F=0.92, df=88, P=0.5290) or after
45 days of (F=0.93, df =88, P=0.5192)
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Field Trials
Plant emergence did not differ on May 14th, 17th, 19th, or 28th, 2021 with respective P
values of 0.3835, 0.6423, 0.4727, 0.3841, and 0.7468. The control treatment contained the least
amount of stem rot per block at 12% and the combination treatment contained the most at 19%.
Stem rot did not differ between treatments (F=1.27, df=15, P=0.3238).
The combination treatment had the highest average weight per block at 114.0 kg and
treatment ON07-05A had the lowest at 111.0 kg. Total tuber weight per block did not differ
between treatments (F=0.29, df=12, P=0.8766).
Similar to what we found in the Greenhouse Bioassay Trials, progeny tubers contained a
brownish discoloration which we identified as C. coccodes. At harvest, the Maxim MZ treatment
had the lowest C. coccodes infection per block at 16.9% and the control had the highest at
65.0%. Infection at harvest differed between treatments (F=34.95, df=15, P=<.0001). Maxim MZ
had significantly less C. coccodes infection than all other treatments (P=<.0001).
Maximum Inhibition Trials
Streptomyces isolate DE06-01C showed inhibitory effects against P. ultimum in a Petri
dish bioassay as it had in a previous study (Taylor 2020). Placing P. ultimum plugs on the Petri
dish the same day resulted in no zone of inhibition from the Streptomyces. Allowing the
Streptomyces 24 hours to grow before placing the Pythium plugs resulted in the first measurable
zones of inhibition (Figure 19). We found that during days 0-8, the zones increased daily
producing an average slope of 0.8145. During days 9-16, the zones leveled out and produced a
slope of 0.0154 which are significantly different than days 0-8 (P=<.0001).
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DISCUSSION
The CMC formula maintained significantly more viable Streptomyces CFU than the
Xantham formula. While they both maintained viable Streptomyces spores, we used the CMC
formula throughout this study because longer viability is a favorable characteristic of a
biocontrol treatment. A similar study tested an isolate of Streptomyces shelf life in talcum-based
powder versus starch granules, alginate beads, and corn starch (Sabaratnam & Traquair 2002).
They found that Streptomyces spores lasted longer in the talc-based powder relative to the other
powders tested. This supports our use of talc-based powders. Streptomyces spores are
hydrophobic (Elliot et al. 2003) just like talc powder. A possible reason for the talc powder
maintaining more Streptomyces spores could be that it provides the low moisture environment
that Streptomyces needs for long-term storage. The Xantham formula contained xanthan gum (20
% w/w), often used as a thickening agent with hydrophilic properties. While moisture retention
does improve the shelf life of baking products (Katzbauer 1998), it may be taking moisture away
from the Streptomyces spores, leading to premature death. This could be part of the reason for
the inability to perform as well as the CMC formula which contained a higher percentage of talc
powder along with other hydrophobic compounds.
In the 180-day storage test, we found that Streptomyces isolates NE06-04A, NY06-09D,
and ON07-05A maintained 50% of their viable spores until 179.4 ± 5.7 days, 119.0 ± 9.5 days,
and 93.5 ± 7.0 days, respectively. A similar study tested Streptomyces in a talc-based powder
formula and found storage survivability to be better than our NE06-04A isolate, which
performed the best (Tamreihao et al. 2016). Our study showed differences in shelf life based
upon isolates which could account for the longer shelf life in the study of Tamreihao et al.
(2016). Another potential reason for our isolates not surviving as well in storage could be that
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they were stored in airtight bags. However, this is unlikely given that Streptomyces adapt well to
anaerobic conditions (Van Keulen et al. 2007). Another factor that Tamreihao et al. (2016) tested
for was the powder storage temperature. They found that when the powder was stored at 4°C it
lasted much longer compared to the same powder stored at room temperature which suggests that
cold storage could increase the longevity of the isolates in this study.
The purpose of the 180-day storage test was to determine the shelf life of the CMC
powder formula. We calculated the number of days it would take for 50% of the CFU to no
longer be viable. Even with 50% spore death, our lowest-performing isolate, ON07-05A, was
still estimated to contain 15,000 Streptomyces CFU per g of powder. We found that the tubers
had ~1.4g of powder on their surfaces which indicates that the ON07-05A isolate would be
adding 21,000 CFU to the tuber surface by the ED50 date. We hypothesized that the higher the
concentration of CFU, the higher the likelihood of inhibiting H. solani or P. ultimum. However,
research has shown that closely-related colonies inhibit growth of one another when grown in
close proximity (Westhoff et al 2021). Consequently, NE06-04A, NY06-09D, and ON07-05A
isolates stored in the CMC powder could actually be effective biocontrols beyond their ED50
because at high CFU levels, colonies of the same isolate will compete with each other.
Coating tuber wounds with a powder application of Streptomyces 1 hour before infection
did not prevent or decrease the amount of Pythium rot in the Pythium tuber-rot bioassays.
Control treatments of wound without Pythium plug and wound plus Streptomyces-free CMC
powder without Pythium plug did not rot which tells us that neither the wounding nor the CMC
powder caused the rot found in these trials. Originally, we grew Pythium oospores and pipetted
them into wounds on tuber surfaces. We found that the control treatments did not consistently get
infected which made it hard to determine if the powder treatments would have any actual effect.
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The Pythium plugs were more consistent in rotting the tubers. We initially allowed the
Streptomyces powder at least 24 hours of growth before adding the Pythium plug. This gave the
Streptomyces a greater chance at producing the antifungal secondary metabolites needed to
inhibit P. ultimum. Preliminary tests showed that an exposed tuber wound at room temperature
will heal over and start to prevent Pythium rot in as little as 24 hours. Tuber storage containers
are often humid and cold which can lead to wounds not healing for over for 1-3 weeks (Pavlista
2005). In future studies, it would be beneficial to add Streptomyces to a wound and store the
tuber in an environment similar to those found in storage containers where Pythium is known to
spread (Olsen et al. 2006). Our methods were based on another study where instead of using live
Streptomyces bacteria to protect the wound, a concentrated supernatant was used (Sellem et al.
2017). They found that once they achieved 50% concentration of the supernatant, the solution
was very effective at preventing Pythium rot.
In trial 1 of the greenhouse study, we found that eight treatments had higher mean shoot
height over both controls (Figure 6). While these results were not significant in our study,
Streptomyces isolates have been shown to promote plant growth in other agricultural crops, such
as tomato (Solanum lycopersicum) and pepper (Capisicum annuum) seedlings (Shi et al. 2018).
Trial 2 of the study failed to produce similar effects, but isolate NE06-04A had significantly
shorter shoot height than the control powder treatment. This was most likely due to plants treated
with this isolate only having a 40% germination rate. There were no consistent advantages or
disadvantages that the Streptomyces bacteria had on shoot development. Shoot height
measurements were higher as a whole in the second trial of the study (Figure 6). Tubers used for
trial 2 sprouted in storage, which gave them a growth advantage relative to the tubers in trial 1,
where the tubers contained no shoots at the time of planting. It was interesting that the second
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trial had twenty tubers that did not germinate whereas the first trial only had six. The difference
may be due to the shoots being fragile and may have sustained damage during the treating and
planting process.
There were no differences in the mean number of tubers produced per pot or the mean
weight per pot based upon treatment. As such, the Streptomyces isolates tested appear to have no
negative impacts on the size or quantity of the tubers.
Treatment TX06-03A of trial 1 had significantly more scab infection when compared to
all other treatments (Figure 9), which is not surprising as some Streptomyces isolates have been
known to cause tuber scab (Takeuchi et al. 1996). All Streptomyces isolates were screened for
pathogenic effects on tubers but it is possible that some may have gone unnoticed. Scab
measurements were only recorded at harvest as they do not spread in storage. Trial 2 did not
show any significant differences in scab between treatments, but isolate TX06-03A contained the
third highest amount of scab in trial 2 which indicates it may have a negative effect on tuber
development.
The seed tubers used in the planting of the greenhouse study in trial 1 contained H. solani
infection. At harvest, it was apparent that many of the daughter tubers contained a periderm
infection. Upon closer inspection of the infected areas, microclerotia were present which
indicated the disease was C. coccodes and not H. solani as seen on the seed tubers.
Colletotrichum coccodes and H. solani occupy the same ecological niche but are completely
unrelated fungi. Both diseases commonly exist on the same tuber and often are misidentified
with one another. Because they both occupy the tuber periderm and have similar effects on the
tuber industry, commercial fungicides often target both diseases (Denner et al. 1997).
Colletotrichum coccodes naturally develops faster than H. solani in warm temperatures, with
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longer cultivation periods and irrigation (Massana et al. 2021). These are similar to the
conditions in the greenhouse used for this study. Although our isolates were never tested for their
ability to inhibit C. coccodes growth, isolate ON07-05A showed significantly less C. coccodes
infection relative to NE06-04A and the Control without powder. This suggests that isolate
ON07-05A might have the ability to inhibit H. solani as observed in the lab and C. coccodes as
observed in the greenhouse. Being able to inhibit multiple pathogens would be beneficial to the
tuber industry. After the 45-day storage period, there were no significant differences in C.
coccodes infection. To assess the tubers at harvest, they were each washed with warm water to
visually heighten the periderm infection. Doing so could have removed much of the biocontrol
treatments and increased humidity in storage, allowing the C. coccodes to spread more freely. An
interesting observation in trial 1 of the greenhouse study was that the Control CMC powdertreated tubers had less infection than the controls without any treatment. Talcum powder, which
absorbs moisture, was the main ingredient in the CMC powder. Given that fungi thrives in moist
environments, the delivery method for our biocontrol could also help to reduce infection.
The seed tubers used in trial 2 of the study were the same variety as trial 1 but they did
not contain visible H. solani at the time of planting. The progeny tubers from trial 2 showed
similar C. coccodes infection rates as those in trial 1. A common factor in both trials is the 50:50
sand/soil mixture which could have been the source of C. coccodes infection. Colletotrichum
coccodes is known to survive in soil, and infected soils are a major factor in infection rates
(Denner et al. 1998). Uneven heat distribution during soil sterilization could leave some regions
unsterilized. However, we believe the seed tubers were likely the cause of infection as
temperatures less than our 82°C treatment have shown to eliminate similar soil dwelling fungal
pathogens (Van Loenen et al. 2003).
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As in trial 2 of the greenhouse study, seed tubers infected with H. solani were unavailable
at the time of planting for the field trials. Consequently, seed tubers with few visuallyidentifiable infections were used. We harvested tubers from fields which had previously been
planted with tubers which were infected with H. solani, C. coccodes, and P. ultimum. While H.
solani is primarily passed down from infected seed tubers, there are reports of soil survivability
infecting progeny tubers in subsequent years (Brains et al. 1996). Colletotrichum coccodes can
survive in soils for up to eight years (Dillard & Cobb 1998). In addition, oospores of Pythium,
which is known for soil unrelenting persistence in the soil, can survive up to ten years (Anderson
2014). Based upon our assumptions, it appears the field soils infected some of the seed tubers in
our study.
We measured stem rot at 92 days of growth and found that there were no significant
differences based upon treatment (Figure 14). Aerial stem rot commonly occurs in pivot-irrigated
fields like the fields used in our study. A major factor in the amount of rot that occurs is plant
density. As a dense canopy develops, temperatures and humidity will increase, promoting fungal
growth (Cappaert & Powelson 1990).
Streptomyces isolates are being studied as plant growth promoters to improve plant
emergence by inhibiting growth of competing plant species and through functioning as a
biofertilizer (Olanrewaju er al. 2019). Our treatments did not lead to any significant effect when
plant emergence was measured four times over the course of the experiment. Unfortunately, no
increase in growth patterns were observed in our studies.
Similar to the greenhouse studies, C. coccodes was the principle infection agent found on
progeny tubers at harvest (Figure 16). In the field trial, commercial fungicide Maxim MZ was
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the only treatment that reduced C. coccodes infection relative to the control. This supports the
claim that Maxim MZ can reduce fungal diseases such as C. coccodes and H. solani when
applied as a seed treatment. The data collected from the field study give us a target level of
pathogen inhibition that biocontrols need to achieve in order to be competitive with commercial
products. Field studies have shown Maxim MZ reduces the incidence of H. solani and that seedbased treatments produced the best results over other application methods (Girón 2021). This
supports the use of biocontrols in a powder form because they can easily be applied to seed
tubers. We anticipated that multiple Streptomyces isolates in the combination treatment would
have a positive synergistic effect compared to a treatment with just one isolate. However, using
multiple biocontrols has been shown to have more antagonistic interactions with each other (Xu
et al. 2011) which may suggest that a single isolate may have the highest efficacy.
The Maximum Inhibition Trials study addresses at what stage in Streptomyces life cycle
the highest level of P. ultimum inhibition occurs. We found isolate DE06-01C showed increasing
inhibition towards P. ultimum the longer is was allowed to growth before adding P. ultimum to
the Petri dish. After eight days of growth, the amount of inhibition plateaued. Most studies
allowed Streptomyces to grow for two to three days before adding Pythium to their bioassay
(Loliam et al. 2013; Selleem et al. 2017) which is sufficient for a zone of inhibition to develop
around the Streptomyces as confirmed in our study (Figure 19). However, when considering
products for biocontrol agents, it would be important to know that changing when you apply the
product can change its efficacy by allowing the biocontrol to develop before being introduced to
a pathogen. The results of this study provide crucial information for developing an effective
biocontrol by timing it so that the Streptomyces are most inhibitory towards P. ultimum when it
comes into contact with the crop. In order to protect a crop from disease under field conditions,
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the seed tubers could potentially be treated with the Streptomyces DE06-01C isolate eight days
before harvest for maximum efficacy.
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FIGURES

Figure 1. Two talcum-based powder formulas were tested for their ability to maintain healthy CFU of Streptomyces
isolate ID05-47C after a period of 60 days. The CMC formula had an average of 139,000 viable CFU per gram
while the Xantham formula had 57,000.
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Figure 2. Dilutions 1-6 of the CMC powder mixture containing Streptomyces isolate ID05-47C after a 60-day
storage period. The third dilution was used to count CFU because it was the first dilution where CFU were easily
distinguishable from each other.
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Figure 3. Dose-response curve depicting predicted bacterial spore viability across time. Viability is expressed as the
viable counts for each isolate scaled by their respective maximum count estimates. Shaded areas represent 95%
confidence intervals.
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Figure 5. A control tuber seven days after it was wounded and received a Pythium plug in the Pythium tuber rot
assay. (1) Tuber upon inspection after the seven-day storage period. (2) Tuber cut in half to clear away infected
regions. (3) Transparent grid paper was used to accurately measure infected regions.

33

34

Figure 7. Ten Streptomyces isolates that showed high inhibition towards H. solani in Petri dish assays (Table 1)
were applied to tuber seeds and grown in a greenhouse. After the plants completed their life cycle, tuber counts were
taken at harvest to look for growth-promoting or -impeding factors.
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Figure 8. Ten Streptomyces isolates that showed high inhibition towards H. solani in Petri dish assays (Table 1)
were applied to tuber seeds and grown in a greenhouse. After the plants completed their life cycle, progeny tubers
were weighed at harvest to look for growth-promoting or -impeding factors.
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Figure 10. Ten Streptomyces isolates that showed high inhibition towards H. solani in Petri dish assays (Table 1)
were applied to tuber seeds and grown in a greenhouse. After the plants completed their life cycle, C. coccodes
infection was assessed at harvest and after 45 days of cold storage to look for inhibitory effects from the treatments.
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Figure 11. Ten Streptomyces isolates that showed high inhibition towards H. solani in Petri dish assays (Table 1)
were applied to tuber seeds and grown in a greenhouse. After the plants completed their life cycle, C. coccodes
infection was assessed at harvest and after 45 days of cold storage to look for inhibitory effects from the treatments.
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Figure 12. Progeny tubers from the Greenhouse Bioassay Trials containing (1) no infection, (2) scab, or (3) C.
coccodes infected tuber.
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Figure 13. Seed tubers were coated with a Streptomyces isolate that showed high inhibition toward P. ultimum, H.
solani, a combination of inhibitory isolates, commercial fungicide Maxim MZ, or control of no treatment. They
were planted near Rupert, ID. Plant emergence was measured at various stages to look for growth-promoting or impeding factors from the treatments.
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Figure 14. Seed tubers were coated with a Streptomyces isolate that showed high inhibition toward P. ultimum, H.
solani, a combination of inhibitory isolates, commercial fungicide Maxim MZ, or control of no treatment. They
were planted near Rupert, ID. After 92 days of growth, stem rot was assessed to look for correlations with the
treatments.
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Figure 15. Seed tubers were coated with a Streptomyces isolate that showed high inhibition toward P. ultimum, H.
solani, a combination of inhibitory isolates, commercial fungicide Maxim MZ, or control of no treatment. They
were planted near Rupert, ID. Total tuber weight was measured at harvest to look for growth-promoting or impeding factors from the treatments.
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Figure 16. Seed tubers were coated with a Streptomyces isolate that showed high inhibition toward P. ultimum, H.
solani, a combination of inhibitory isolates, commercial fungicide Maxim MZ, or control of no treatment. They
were planted near Rupert, ID. Total tuber weight was measured at harvest to look for growth-promoting or impeding factors from the treatments.
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Figure 17. Progeny tubers harvested from the Field Trials containing (1) no C. coccodes infection, (2) roughly fifty
percent C. coccodes infection, and (3) fully covered with C. coccodes.
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Figure 19. Petri dishes from Streptomyces Maximum Inhibition Trials where the Pythium plugs were applied to the
Petri dishes 1. the same day as Streptomyces, 2. four days after the Streptomyces, 3. nine days after the
Streptomyces, and 4. fourteen days after the Streptomyces. Note the increasing inhibition between 1-3 but not 3-4.
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TABLES
Table 1. Streptomyces isolates that were previously tested for their ability to inhibit P. ultimum and H. solani in a
Petri dish bioassay.

Isolate

% P. ultimum Inhibition

Isolate

% H. solani Inhibition

ID05-47C

81.91

ON07-05A

70.62472

DE06-01C

75.77

NE06-04A

70.29338

TX06-03A

69.6

ID06-12A

70.26891

FL07-03A

48.75

NY06-09D

70.10391

ID06-12A

44.64

MI06-06C

65.26388

ID06-15

34.45

ID-05-47C

64.67023

MD13-6B

31.89

ME02-AFT2

63.09095

NY06-09D

30.84

ME02-7008A

62.74079

NE06-04A

30.31

ID05-37A

62.47301

WI03-5B

23.75

ME14-692B

58.80532

ME02-6979A

22.83

ID06-15

58.12939

NJ08-04B

18.13

ME02-6986B

56.16949

ME01-I6H

17.66

ME02-702A

55.74255

AK04-3B

16.83

NJ08-04B

52.92209

ID01-15D

15.06

ID-05-17A

51.64867

ID01-15A

9.87

TX06-03A

50.96415

ME02-692C

6.57

MD13-6B

50.70959

MB09-04A2

3.6

AK02-01A

50.70707

ID03-2B

2.71

ID-01-15D

50.55129

PA03-5A

2.69

ME02-882C

50.37902

ME12-02E

2.01

ND06-06D

48.66294

ON07-05A

1.8

WI03-5B

48.53959

AK08-01A

1.1

MB09-01

48.35916

AK02-04A

0

IN05-2Ey1

47.57606

AK02-1A

0

ME02-6977A

46.08723
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AK04-04C

0

AK04-3B

45.37892

AK08-01B

0

ME16-692A

45.30211

AK08-02

0

MN03-5279A

45.29351

FL07-04A

0

PA03-3A

44.78039

FL07-07A

0

NC06-02A

44.70754

ID01-15B

0

MD13-11E

44.56637

ID01-9D

0

WI03-4A

44.45796

ID05-17A

0

NY05-01A

42.70332

ID05-18

0

ND04-6F

38.96855

ID05-26A

0

PA03-02A

38.285

ID05-37A

0

FL07-03A

37.70533

ID06-18A

0

ME02-692D

37.52605

IN05-2Ey1

0

NB05-1C

37.39076

MB09-01

0

ME03-5709A

37.07696

MD13-11E

0

ID01-15A

36.48166

ME01-18H

0

MB09-04a2

36.39696

ME01-24H

0

ID-01-9D

34.8163

ME02-692A

0

AK08-01B

34.23881

ME02-692B

0

ME03-5684B

33.79407

ME02-692D

0

DE06-01C

32.23872

ME02-693A

0

ME14-692C

31.13937

ME02-695A

0

MI02-2A

31.13141

ME02-6977A

0

ME16-692B

30.17068

ME02-6978A

0

AK04-04C

29.92846

ME02-6982A

0

ME02-692C

29.55344

ME02-6985D

0

ME02-6986B

29.45357

ME02-6986B

0

AK02-04A

26.74735

ME02-7008A

0

ME02-6985D

26.64227

ME02-702A

0

ME01-18H

24.76434

ME02-882C

0

PA03-5A

24.67089
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ME03-5684B

0

ME01-24H

23.23134

ME03-5709A

0

FL07-04A

22.58896

ME03-5709C

0

ID03-2B

21.7632

ME03-5709D

0

ME02-695A

21.67751

ME08-AFT2

0

AK08-01A

21.4834

ME14-692A

0

ME01-18H

21.33645

ME14-692B

0

ME02-6982A

20.91685

ME14-692C

0

ME02-6979A

19.65781

ME16-692A

0

FL07-07A

19.16412

ME16-692B

0

ME02-692A

18.37524

MI02-2A

0

WI03-4C

18.16399

MI02-7B

0

MI02-7A

15.89422

MI06-06C

0

ID05-18

14.63064

MN03-5279A

0

MI02-7B

14.09526

NB05-1C

0

ME12-02E

10.89618

NC06-02A

0

ME01-16H

10.32274

ND04-1A

0

ID05-26A

10.11525

ND04-6F

0

ME14-692A

9.731349

ND05-1A

0

AK08-02

8.690627

ND06-06D

0

ME02-692B

6.229134

NY05-01A

0

ME02-693A

5.35423

PA03-02A

0

ID01-15B

5.282676

PA03-3A

0

ME03-5709C

4.260256

WI03-4A

0

ME03-5709D

0.317184

WI03-4C

0

Control

0.000399

WI06-36G

0

WI06-36G

0

ID06-18A

-3.18718
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